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This paper concerns fast electromagnetic modeling of volumetric cracks in conductive materials under eddy-current inspection. The
underlying numerical method is described. The model is tested on cracks in aluminum structures employed in aeronautical manufacture.
The computational results obtained with the method display satisfactory agreement with the respective experimental and numerical
results obtained by representing cracks as nonconductive surfaces.
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I. INTRODUCTION
EDDY-CURRENT (EC) inspection constitutes an essentialmethod for the electromagnetic nondestructive detec-
tion/evaluation (NDE) of cracks in conductive materials, whose
main applications are found in the inspection of aircraft, power
plants, and other engineering constructions. The method is
based on the detection of the magnetic field produced by eddy
currents induced in the specimen being tested. The presence of
a crack disturbs the flow of the eddy currents, thus producing
a magnetic field perturbation dependent on the position and
shape of the crack itself.
Quantitative reconstruction of cracks on the basis of measure-
ments of their magnetic fields is of considerable industrial in-
terest, which motivates the development of the respective com-
putational techniques. From the computational point of view, we
recognize the direct and inverse problems. The direct problem
consists of computing, usually by numerical methods, the mea-
surements (magnetic flux density in given space locations or
voltages induced in pickup coils) for assigned crack geometry
and driving system (excitation field). The inverse problem aims
to find the position and the shape of a crack on the basis of the
measurements obtained for a given excitation field.
It is well known that the inverse problem is nonlinear and ill-
posed. In most practical situations this means that the sensitivity
of the measurement with respect to some features of the crack
such as shape and size is “low” and, therefore, the difference
between signals from two different defect configurations may
easily be smaller than the measurement noise. In other words,
the measurement noise may effectively destroy the information
content of the measurements.
On the contrary, the forward problem is well-posed. However,
a method for solving the forward problem requires specific so-
lution techniques when it is to be used as a building block in
inversion (imaging) procedures. Indeed, almost all quantitative
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inversion methods and algorithms require the solution of a (typ-
ically large) number of forward problems.
Numerical methods for solving the forward problem need to
be both fast and accurate: fast because inversion algorithms re-
quire the solution of a large number of forward problems, and
accurate because numerical errors may destroy the informa-
tion content of the data due to the ill-posedness of the inverse
problem.
In this paper, we focus our attention on fast and accurate nu-
merical modeling of volumetric defects. Zero-thickness defects
(one dimension is negligible with respect to the other two) have
been extensively studied by several authors [1]–[5]. In this case,
a substantial simplification of the numerical schemes can be
achieved by taking into account the negligible thickness of the
defect. The case of volumetric defects (nonnegligible thickness)
is more intriguing and is receiving increasing attention [6]–[13].
The numerical method presented here has been validated both
experimentally and numerically. The experimental validation
has been performed with an eddy-current probe based on a mag-
netic field sensor whose sensitivity does not depend on the ex-
citation frequency, unlike conventional inductive detectors. The
samples tested are aluminum plates containing single electrical
discharge machining (EDM) notches passing through the whole
plate thickness as well as EDM passing notches emanating from
a fastener hole of 4 mm diameter. The artificial notches simu-
late cracking and for simplicity will be referred to as “cracks”
hereafter. The latter case (crack emanating from a fastener hole)
is extremely critical because the signal from the hole masks the
signal due to the crack. The numerical validation has been per-
formed with the simplified model approach for zero-thickness
cracks described in [14].
Finally, we point out that the experimental data in this work
has not been post-processed by means of transformations, such
as rotations (in the complex plane) or scaling, containing one
or more free parameters adapted to get the best fit with the nu-
merical data. The probe was calibrated once before the experi-
ments and using reference magnetic flux densities produced by
sources such as the Helmholtz coil. To our knowledge, this is
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one of the first comparisons in this framework where experi-
mental measurements are not ad-hoc post-processed to fit the
numerical data.
A short and preliminary presentation of the numerical method
was given in two conferences1 ([8] and [15] are the related ex-
tended papers), whereas the experimental and numerical valida-
tion has never been published.
The paper is organized as follows. The numerical model is
presented in Section II, numerical results in Section III, the ex-
perimental system and the experimental results in Sections IV
and V, respectively, and conclusions in Section VI.
II. NUMERICAL MODEL AND SOLUTION METHODS
A. Forward Problem
1) General Considerations: The problem under considera-
tion is the calculation of the field perturbation due to a defect
assuming time harmonic operations and linear and nonmagnetic
conductors. This problem has the peculiarity that the defect size
is usually smaller than the other relevant characteristic dimen-
sions of the system (size of the specimen and of the probe). This
is the typical case of interest in practical applications and, more-
over, is the more challenging configuration from the numerical
modeling viewpoint. In the following, we assume that the defect
is perfectly insulating.
The fact that the size of the defect is usually on scales signif-
icantly smaller than the other relevant geometrical dimensions
of the problem poses challenging issues. First, the signals pro-
duced by the defects are weak and, therefore, numerical errors
may compromise the numerical solution. Second, a proper dis-
cretization of active coils, geometrical configuration, and de-
fects requires elements having very different sizes and usually
this calls for an unacceptably large number of elements (and also
computational resources/time).
These problems are well known in the scientific community.
One of the most popular and versatile strategies is to exploit
the superposition principle. Specifically, let us assume that the
unknown of the numerical model is the eddy-current density
induced in the conducting specimen.
The eddy-current density can be represented as the sum of
two terms: (Fig. 1), where is the eddy-current
density related to the defect free configuration and is the
contribution due to the defect. It is worth noting that is the
solution of a problem where the sources are the active coils. On
the other hand, a straightforward calculation shows that, thanks
to the linearity of the problem, is the solution of a problem
where the source is applied only in the region occupied by the
defect and it is equal to .
The possibility of computing separately (in cascade) and
allows use of two different optimized meshes. This follows from
the observation that flows in a region that is significantly larger
than the region where flows and, in addition, exhibits spatial
variations on a scale larger than for . Therefore, we can use a
coarser and larger mesh for computing and a finer and smaller
mesh for computing , thus reducing the overall computational
time and improving the accuracy. The dimensions of this smaller
1ISEM (International Symposium on Applied Electromagnetics and
Mechanics), Versailles, France, 2003. ENDE (International Workshop on
Electromagnetic Nondestructive Evaluation), Saclay, France, 2003.
Fig. 1. Example of superposition: (a) the unperturbed current density distribu-
tion (the coil is centered at 6:5 mm); (b) the current density distribution in the
presence of a volumetric crack; (c) the current density perturbation distribution.
Thick solid black edges represent the discretization corresponding to the defect,
whereas fine solid black edges represent the so-called tentative region.
computational domain should be carefully estimated. Indeed, the
numerical formulation usually requires that the normal compo-
nent of should be zero at the boundary. If is not negligible
at the boundary, this requirement implies a numerical error due
to the edge distortion of the solution.
In the following, we present a finite-element integral formula-
tion based on this approach. Integral formulations, if compared
to differential formulations, are interesting because they require
the discretization of material regions only and the boundary con-
ditions at infinity are automatically taken into account. How-
ever, integral formulations yield fully populated stiffness ma-
trices whereas differential formulations yield sparse matrices.
Finally, we also mention other strategies for computing the
field perturbation based on the knowledge of the Green func-
tion. In this case, if the Green function for the conductor without
defects is known, it is possible to model the problem by means
of an integral equation written in the relatively “small” region
occupied by the defect only [6]. The major drawbacks are: 1)
the Green functions are known analytically only for few canon-
ical configurations and 2) the related numerical formulation usu-
ally requires the calculation of integrals with hypersingular ker-
nels. Our approach does not suffer from these drawbacks (it can
be applied without any modification to conductors of arbitrary
shape and does not involve hypersingular kernels) but requires
the discretization of a neighborhood of the region occupied by
the defect.
1570 IEEE TRANSACTIONS ON MAGNETICS, VOL. 42, NO. 5, MAY 2006
In the following subsections, we first discuss the numerical
modeling of the eddy-current perturbation and, then, in Sec-
tion II-B, we adapt the proposed method to be very efficient
when many solutions of the forward problem are required, such
as for solving the inverse problem of crack detection.
2) Modeling of Eddy-Current Phenomena: The computa-
tion of the unperturbed current density can be carried out
by using standard finite-element techniques or the analytical
method for canonical geometries [16] and, therefore, it is not
discussed in this paper.
The governing equations, in the magneto-quasistatic limit, for
the perturbed problem giving are
(1)
(2)
and on (3)
where is the angular frequency, the electric field, the
current density, the magnetic vector potential, the elec-
tric scalar potential, the conducting domain, the region
occupied by the defect, an arbitrary closed surface in , and
its outward normal.
System (1)–(3) is complemented by introducing the constitu-
tive relationship
in
in (4)
where is the electrical conductivity.
3) New Shape Functions: To obtain the numerical formula-
tion, we introduce the electric vector potential
and we expand in terms of edge-element shape func-
tions , as where satisfies
on . The degrees of freedom (DoF) ’s
are associated to the edges of the finite-element mesh and are re-
lated to the tangential component of the electric vector potential.
The uniqueness of the electric vector potential is achieved
by imposing the two-component gauge condition by means of
the tree-cotree decomposition of the finite-element mesh [14].
The unknown current density is represented as
(5)
where
(6)
We assume that the shape functions ’s are linearly indepen-
dent (this is the case after the mentioned tree-cotree decompo-
sition); we call active edges the edges associated to the shape
functions ’s appearing in (5).
We impose the constraint in by requiring
that is minimum. This condition yields
the linear system
(7)
where
(8)
(9)
and is the column vector containing the ’s. It is worth
noting that (7) is equivalent to imposing in
in weak sense. We also notice that if is ex-
panded by using the same shape functions ’s used to represent
in (5).
The matrix is a sparse matrix (the support of is the
union of the elements of the finite-element mesh sharing edge
). In addition, if there exists at least one DoF having the sup-
port not overlapped to the region , the matrix is noninvert-
ible. Indeed, let and be sets of overlapped and
nonoverlapped shape functions, respectively. The matrix is
a block matrix given by
(10)
where the element of the matrix is given by the in-
tegral and is a matrix of appropriate dimen-
sions having all elements equal to zero. Hereafter, we assume
that the matrix is noninvertible because we are considering
small defects and, therefore, there will be many shape functions
having the support nonoverlapped to . Similarly, has the
following block representation:
(11)
where .
Equation (7) admits a nonunique solution given by
(12)
where the column vector is an arbitrary solution of (7), the
columns of the matrix span the null space of the matrix
, and is the column vector of the new unknown
parameters. This kind of decomposition has been successfully
used in [3] for treating zero-thickness defects.
From the block representation (10), it follows that
(13)
where the columns of the matrix span the null space of
the matrix and is the identity
matrix of appropriate dimensions. Similarly, a possible choice
of is given by
(14)
where is an arbitrary solution of .
The elements of the kernel of the matrix can be char-
acterized in terms of the active edges on the boundary of the de-
fect . Let be the subsets of shape functions from
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associated to active edges lying on the boundary of
and, similarly, let be the subsets of shape functions
from associated to active edges that do not lie on the
boundary of . A vector of the kernel of satisfies
equation that, using block matrices notation, can
be written as
(15)
with obvious meaning of superscripts and subscripts.
The matrix is invertible. Indeed, we notice that
, where
the second equality follows from the fact that the supports
of and are contained in . Therefore, is
the Gram matrix for the set of shape functions and,
thanks to the assumption that the shape functions are linearly
independent over , we have that is invertible and
.
This last equation means that, in general, for representing a
current density vanishing in , the linear combination of shape
functions having support in is required. In addition, not all
the choices of the DoF’s on may be associated to current
densities vanishing in . Specifically, the vector must be
the solution of as follows
from (15).
After the change of variable given by (12) and by substituting
(12) in (5), we have
(16)
with
(17)
(18)
The new basis functions ’s satisfy the property
in (19)
Indeed, their norm in is vanishing
(20)
Summing up, in the presence of a perfectly insulating vol-
umetric defect in the unknown current density can be
represented as in (16), where the ’s are the new unknown
parameters. The new DoFs, accounting for current densities
vanishing in , are associated to proper linear combinations
of the ’s (in number not greater than , the number of
active edges on ) and by the active edges associated to the
’s. In addition, provides the best approximation (in the
sense of the norm) of in the region .
In the following, indicates the number of columns of
that, as discussed, is not greater than the number
of active edges on the boundary of .
4) Numerical Model for Volumetric Defects: The numerical
formulation is obtained after the discretization of the integral
equation
in (21)
obtained by combining (1), (2), and (4). Specifically, applying
the Galerkin method with reference to representation (16), we
have2
(22)
where
(23)
(24)
and
(25)
(26)
(27)
It is worth noting that, thanks to (19), the matrix arising
from the numerical formulation of (21) involves matrices and
obtained by computing integral extended on and, there-
fore, they are independent from the given defect region and
can be precomputed once for all. Similarly for the vector .
B. Efficient Numerical Method in View of the Inverse Problem
The method presented in Section II-A allows modeling of
the current density perturbation due to a volumetric defect. The
computation of the perturbation requires the solution of system
(22) characterized by a fully populated matrix. Each time that
is changed, matrix needs to be recomputed through (23),
vector through (24), and system (22) to be solved. This can
be too expensive when, as in almost all quantitative inversion
algorithms, the direct problem for several or many different trial
defect regions has to be solved. Therefore, in this section we
present a numerical method to solve the direct problem that is
very efficient when the solution for many different trial defects
is required.
The starting point is that in practice it is often possible to
identify a search region containing the defect in its interior.
The identification of this tentative region is fairly easy from the
experimental viewpoint. This valuable information can be ex-
ploited for reducing the computational cost of both the direct
and inverse problems. Here, we focus our attention on the di-
rect problem. In the following, we assume that is a possibly
small subset of and that is an arbitrary subset of , i.e.,
.
Let and be the matrix and vector defined by (8) and
(9), respectively, but referred to .
2Notice that thanks to the solenoidality of the shape functions and to their
vanishing normal component on @V , the term related tor' does not appear
in the numerical model.
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Then, we make the following change of variables:
(28)
where the columns of the matrix span the null space of
and the rows of are an orthonormal basis for the space
spanned by the rows of .
Representation (28) makes it possible to separate the degrees
of freedom into two sets: one, related to , accounting for current
densities flowing externally to and another one, related to ,
accounting for current densities flowing in defined as the
union of the elements of the finite-element mesh sharing at least
one active edge with .
For a given , constraint (7) is
(29)
Thus, substituting (28) in (29), we have
(30)
where we have taken into account that because the
columns of represent current densities that are vanishing in
and, therefore, also vanishing in . Formally, we have that
.
Equation (30), which is constraint (7) expressed only in
terms of , is the key point for developing an efficient numer-
ical method. Specifically, we represent the solution of (30) as
(31)
where the columns of the matrix span the null space of
and is a particular solution of (30).
By substituting (31) in (28), we have the following change of
variables accounting for an impressed source in :
(32)
where the unknowns are and . In (32) , as discussed, repre-
sents current densities flowing in represents current
densities flowing in and represents the best approxi-
mation of in (see Fig. 2).
Applying the Galerkin method to (21) with the new shape
functions following from (32), we easily obtain
(33)
(34)
where
(35)
(36)
(37)
Solving (33) with respect to and substituting in (34) leads to
(38)
(39)
where .
Fig. 2. Example of the change of variable: (a) the contribution due to K x;
(b) the contribution due to R ~K q; (c) the contribution due to R y . Thick
solid black edges represent the discretization corresponding to the defect,
whereas fine solid black edges represent the so-called tentative region.
The magnetic flux density due to the eddy-current perturba-
tion can be computed trough the Biot–Savart law yielding a
matrix-by-vector multiplication of the type
(40)
where is a properly defined matrix. Substituting (32) and (39)
in (40), we have
(41)
where .
The efficiency of the proposed numerical scheme comes from
the fact that systems (38) is small because of the order of the
number of DoFs in region that, by assumption, is a small
part of the whole conducting domain .
Moreover, for a given , matrices and
are independent from and can be computed once for all.
On the other hand, each time that is changed, the recom-
putation of the matrix as well as the vector
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TABLE I
COMPUTATION TIME FOR AN ISOLATED VOLUMETRIC CRACK
[see (38)] requires a modest computational
cost because it involves multiplications of matrices of the order
of the number of DoFs in region . Similarly, the computa-
tion of involves the solution of a small system and, finally,
the computation of through (41) involves multiplications of
small matrices.
Finally, we notice that the number and the shape of the defects
are not limited by any further modeling assumption, the only
constraint being that should be a subset of volume elements
of .
III. NUMERICAL EXPERIMENTS
In this section, we consider two different numerical examples.
The first one (Case A) refers to a 5 mm 2 mm 0.1 mm vol-
umetric crack in a 200 mm 200 mm 2 mm aluminum con-
ducting plate ( MS m ), the second one (Case B)
refers to the same volumetric crack emanating from a fastener
hole of 4 mm diameter in the same conducting plate. In both
cases, the eddy currents are induced by an excitation coil with
a height of 20 mm, an average diameter of 11.5 mm, a winding
thickness of 0.75 mm, and 108 turns of winding. The liftoff of
the coil with respect to the surface of the plate is 2.1 mm. The
coil is fed with a sinusoidal current, the excitation frequency
being 1 kHz.
Particular emphasis is given to the speed-up of the proposed
numerical formulation with respect to a “conventional” ap-
proach. The conventional approach (in the following referred to
as the Ordinary Method for solving the perturbed problem [17])
is in the same numerical modeling framework, i.e., it is based
on the same integral formulation in terms of the electric vector
potential and edge-element shape functions [14]. The perturbed
current density is obtained as the difference of the
solution of the eddy-current problem in the presence of the
defect and the solution of the eddy-current problem without
defect (unperturbed problem).
As explained in Section II, each numerical computation of
the eddy-current response for a defect is made up of two steps:
1) solution of unperturbed problem and 2) subsequent solution
of the perturbed problem (1)–(4) in terms of with the unper-
turbed eddy current as the imposed source [see (4)].
Thanks to its particularly simple geometry, the unperturbed so-
lution can be found analytically [16], because the edge effects are
negligible (the plate can be considered as an infinite plate). On the
other hand, in Case B the unperturbed solution has to be found
numerically, because an analytical solution does not exist.
In Case A, the conducting domain of the perturbed problem
is limited in a 50 mm 28 mm 2 mm region centered on the
crack. Taking into account the symmetry with respect to the
plane of the crack, one half of this volume has been discretized
with 2800 elements and 3780 nodes, leading to 4898 complex
unknowns. The 6 mm 0.1 mm 2 mm search volume , al-
ways taking into account the symmetry, is made up of 52 (13 4)
elements and 179 unknowns, while one half of the crack volume
has been discretized with one layer of 20 elements (5 4).
The computer system is a single processor machine (Pentium IV
2.5 GHz CPU, 1 GByte RAM, 80 GByte EIDE Disk). Table I
provides the CPU time needed for each step of the numerical
procedure to solve the perturbed problem (the unperturbed so-
lution is of course the same for both the fast and the ordinary
method). Since the precomputation is performed only once for a
given and discretization whereas the direct problem should
be solved for many different ’s, the gain in the computational
time achieved by the proposed approach is evident.
For the second case (Case B), again, it is primarily necessary
to compute the unperturbed eddy-current density in every po-
sition of the eddy-current probe along the scanning path. The
unperturbed solution for Case B has to be found numerically.
We have applied two different approaches.
a) Purely Numerical Solution: We choose a good dis-
cretization of one half of the 184 mm 184 mm 2 mm
solution region (the finite-element mesh is made up of 8064 el-
ements, leading to 13 464 complex unknowns and to a stiffness
matrix made up of 181 279 296 complex terms). Such a large
mesh requires the use of a parallel system (or alternatively of
a fast method such as the fast multipole method). In our case,
we use a parallel formulation of the problem [18] on a parallel
system composed of 16 machines identical to the one described
above (Pentium IV 2.5 GHz CPU, 1 GByte RAM, 80 GByte
EIDE Disk). The computation time needed was 1103 s.
b) Mixed (Analytical Plus Numerical) Solution: We write
the unperturbed solution as , where is
the analytical solution when the fastener hole is not present and
is the contribution to of the fastener hole.
Since is mainly localized in the neighborhood of the
fastener hole, its numerical calculation requires a good dis-
cretization only in a relatively small region covering the crack
and the fastener hole. Therefore, to compute , the fas-
tener hole was treated as a volumetric defect in the conducting
plate. The finite-element mesh, restricted to one half of the
74 mm 74 mm 2 mm region, is made up of only 3429 ele-
ments with 3308 complex unknowns and the solution has been
found by using just a single processor system as described above.
With this approach, the computation time needed was 3192 s.
Finally, the finite-element mesh of one half of the
82 mm 84 mm 2 mm region used for solving the per-
turbed problem (computation of and ) is shown in Fig. 3.
It consists of 3150 elements, 4464 nodes, leading to 5329 un-
knowns. One half of the 6 mm 0.1 mm 2 mm search volume
consists of 45 (5 3 3) elements and 91 unknowns, with
one half of the crack volume made by 15 elements (5 3 1).
Table II provides the computational time needed by each step of
the numerical procedure. Again, the gain in the computational
time of the proposed numerical method is evident.
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Fig. 3. Finite-element mesh used to compute the perturbation field in close
proximity to a volumetric crack emanating from a fastener hole: (a) entire mesh;
(b) zoom to the search volume (grey patches represent the crack).
TABLE II
COMPUTATION TIME FOR A VOLUMETRIC CRACK EMANATING
FROM A FASTENER HOLE
IV. MEASURING APPARATUS
The measuring setup used to carry out the experimental vali-
dation of the numerical method is outlined in Fig. 4. The eddy-
current probe includes an excitation coil and a fluxset sensor
[19] positioned horizontally below the base of the inductor. The
excitation coil has already been described. The fluxset sensor
consists of a ribbon shaped magnetic core made of annealed
metallic glass, and driving and pickup solenoids wound on the
core. The sensitive axis of the fluxset sensor is directed along its
core; therefore, in the present probe configuration, the sensor
measures the horizontal component of the magnetic field. The
core is periodically saturated by a field with triangular time
dependence, produced by the driving solenoid at a frequency
at least two times higher than the excitation frequency. A sym-
metrical pulsed voltage is induced in the pickup solenoid in zero
field. An applied magnetic flux density causes a proportional
time shift of the pickup voltage pulses. This is the case, for
instance, when the flow of eddy currents is distorted by a defect
and/or by a fastener hole. Waveform generators Gdrive and Gexc
produce the driving and excitation signals, respectively, with the
sinusoidal excitation signal being amplified by a power amplifier.
Fig. 4. Measuring setup.
Fig. 5. Calibration dependence of fluxset sensor. The error bars show
calibration uncertainty.
The measuring unit controls the inspection process. It is based
on a general-purpose data acquisition system that reads out the
pickup signal. The key parameters of the data acquisition system
are its sampling rate (1 GS/s) and the number of waveform
points captured in one cycle (10 ). The acquired waveforms are
transferred from the acquisition application to the digital signal
processing (DSP) via ActiveX protocol. Then the eddy-current
response is digitally extracted from the acquired waveforms by
pulse position demodulation. Finally, the real and imaginary
parts of the demodulated signal are determined with the refer-
ence to the excitation signal.
To obtain correlation between the probe signal and the mea-
sured magnetic flux density, the fluxset sensor has been cali-
brated in a known field of a pair of Helmholtz coils. The re-
sulting calibration dependence of the sensor is highly linear in
the respective operational range, as shown in Fig. 5. It depends
on several parameters such as the driving frequency and the
driving current magnitude.
The eddy-current inspection was performed by the automated
scanning of samples along straight lines containing both the fas-
tener hole and a crack with the sensitive axis of the fluxset sensor
being oriented along the scanning path. The measuring method
MOROZOV et al.: NUMERICAL MODELS OF VOLUMETRIC INSULATING CRACKS IN EDDY-CURRENT TESTING 1575
Fig. 6. Response to a 5-mm-long crack (thickness 0.1 mm). Top: real
component. Bottom: imaginary component.
has been comprehensively verified by a numerical model that
treats cracks as nonconductive surfaces [3], [20], [21]. In the
further text, the computational results obtained with this model
are referred to as 2-D.
V. RESULTS AND DISCUSSION
The results of the numerical experiments described in Sec-
tion III have been compared with the experimental results with
the excitation frequency of 1 kHz. Since these results relate to
the actual volumetric model of a crack, they are referred to as
3-D in the further text. The results are normalized to the total
electric current flowing in the excitation coil; therefore, they rep-
resent field values per 1 ampere turn.
Fig. 6 shows the results of measurements and computations of
the perturbation field due to the 5-mm-long crack previously de-
scribed. Fig. 7 represents results of measurements and compu-
tations due to a fastener hole. Understandably the 2-D and 3-D
notations in this case only refer to the perturbed solution model
for which the given unperturbed eddy currents are used. The
2-D simulation has been performed with a smaller discretiza-
tion region with respect to the 3-D simulation and, therefore, is
affected by a significant edge effect.
Fig. 8 shows results of measurement and computations due
to a 5-mm-long crack emanating from the fastener hole. Fig. 9
represents the real and imaginary components of the signal due
to the crack only. The crack contribution signal is defined as
the difference between the signal coming from the fastener hole
and the signal for the same structure including a crack. There is
a very good agreement between computed and measured crack
signals taking into account the fact that this signal is obtained as
the difference between two similar signals of large magnitude.
From this point of view, the actual probe arrangement proves
to be not optimum for detection of small defects, but this is not
Fig. 7. Response to a 4-mm fastener hole. Top: real component. Bottom:
imaginary component.
Fig. 8. Response to a 4-mm fastener hole emanating a 5-mm-long crack
(thickness 0.1 mm). Top: real component. Bottom: imaginary component.
a problem in the present context, since the main objective of
the reported measurements was the validation of the presented
numerical model. An accurate fit of the simulated signal results
from the fine discretization of the solution region in the vicinity
of the crack. We notice that the numerical simulation can be a
very useful tool in facilitating the interpretation of results of EC
inspection.
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Fig. 9. Crack contribution of the response to a 4-mm fastener hole emanating a
5-mm-long crack (thickness 0.1 mm). Top: real component. Bottom: imaginary
component.
It ought to be emphasized that the comparison between
measurements and simulations is not merely qualitative but
unambiguously quantitative, that is the measured and simulated
responses are given in units of magnetic field. Therefore, the
respective set of measurement data may represent the basis for
a benchmark also for other numerical computations in the field
of NDE.
VI. CONCLUSION
A novel fast method for electromagnetic modeling of vol-
umetric cracks in conductive materials under eddy-current
inspection has been developed. The number and the shape
of the volumetric defects to be modeled are not limited by
any theoretical assumption. The model demonstrates excellent
agreement with measurements. It offers a dramatic reduction in
computational cost compared to traditional full matrix inversion
when simulating eddy currents response for many different
defect configurations.
The accuracy of the measurement data may also be the basis
for a benchmark for other numerical computations in the field
of NDE.
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